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A B S T R A C T
Dendritic growth of bismuth oxide nanostructured films was accomplished by reactive magnetron sputtering.
The deposition of the Bi2O3 template layers was adapted to abide a vapour-liquid-solid mechanism in order to
develop a 3D growth morphology with high surface area templates for photocatalytic applications. TiO2 pho-
tocatalytic thin films were deposited at a later stage onto Bi2O3 layers. The obtained heterostructured films were
characterized by scanning electron microscopy, X-ray diffraction and atomic force microscopy. Additionally, the
photocatalytic efficiency was assessed by conducting an assay using methylene blue dye as testing pollutant
under a UV-A illumination. The photocatalytic tests revealed that the Bi2O3 layers functionalized with TiO2 thin
films are more efficient at degrading the pollutant, by a factor of 6, when compared with the individual layered
films.
1. Introduction
The increasing scarcity of potable water has served as motivation for
the development of decontamination processes [1,2]. The constant
discharge of volatile organic compounds such contaminants and pol-
lutants contaminate breathable air and reduces the number of fresh-
water sources suitable for consumption. These toxins are a serious
problem both in the air and in drinking water distribution lines, since
they are not removed by conventional treatments; only some technol-
ogies can eliminate them [1]. Photocatalytic degradation is one of the
most viable processes when compared with the conventional ones [3].
This process uses the UV radiation effect to produce hydroxyl radicals,
with the assistance of a photocatalyst [4]. The most commonly used
catalyst is titanium dioxide, characterized by its low toxicity and high
chemical stability, however. The major drawback is its high bandgap
energy of 3.2 eV for the anatase dominant phase, which limits its ef-
fectiveness by absorbing radiation in the UV range alone [5]. Bismuth
oxide (Bi2O3) has several polymorphic forms: α, β, δ, γ and ε, being α
an β phase those with greater photocatalytic efficiency, with a direct
band-gap energy in the range of 2.5–2.9 eV [6–9]. Some authors have
reported on the photocatalytic efficiency of Bi2O3 [8,10–12]. A high
specific surface area is developed in this material when synthetized in
the form of nanocones [7], promoting the photocatalytic efficiency by
creating more adsorption sites for pollutants. This is done at the semi-
conductor level by completing the intrinsic polarity induced by the
electron pairs of Bi 6 s2 that favours the separation of the photo-
generated electron-hole pairs [13].
In this work, bismuth oxide films with fibrous morphology and high
surface area were produced as templates for the deposition of thin ti-
tanium dioxide (TiO2) overlayer thin films with photocatalytic prop-
erties. These heterostructured layers provide vital characteristics for
decontamination and purification processes. By coupling both metal
oxides, TiO2 and Bi2O3, it is expected a heterojunction with a wider
absorption spectra of solar light. Fig. 1 shows the resulting photo-
catalytic mechanism of a coupling between Bi2O3 and TiO2, wherein
both initially absorb UV–Vis light to form the electron-hole pairs,
thereby reducing the recombination of electrons-holes. Since the con-
duction and valence bands of TiO2 are less anodic than those of Bi2O3,
the excited electrons in TiO2 can be transferred to Bi2O3 [14]. To do so,
in this manuscript is described the procedure for the optimization of
magnetron reactive sputtering deposition process parameters in order
to obtain Bi2O3 films through vapour-liquid-solid mechanism (VLS)
[15], which resulted in the growth of nanocones with a rough 3D
morphology with a high surface area. Subsequently, a very thin TiO2
film with known photocatalytic properties [16,17] was sputtered onto
the Bi2O3 layer. The resulting Bi2O3/TiO2 nanostructured thin films
morphology was characterized by scanning electron microscopy (SEM).
Surface roughness and projected surface area of these films was de-
termined by atomic force microscopy. The crystal structures and the
size of the crystallites were determined by X-ray diffraction. As for the
evaluation of the photocatalytic performance, this was performed in a
UV-A reactor in the presence of a test pollutant (methylene blue) and
the respective degradation kinetics were recorded.
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2. Materials and methods
2.1. Deposition techniques
The VLS growth mechanism occurs due to adsorption of gaseous
reactants in a liquid metal droplet, which acts as catalyst of the in-
volved process. The metallic drop can adsorb the vapour, however the
adsorption is limited. If there is sufficient vapour the drop can become
supersaturated, generating nucleation [18]. Once a core is first formed,
the growth is driven by this core and monocrystalline structures are
formed on a diameter of the metallic droplet [18]. In this process, a
metal catalyst is rationally chosen and serves as a site for the adsorption
of the formed compounds, but should not form a solid solution with the
nanowire (or nanocone) [19]. In the present case, the bismuth liquid
metal droplet serves as a preferential site, or seed, for the adsorption of
the reagent in gaseous phase (oxygen). As seen in Fig. 2, the growth of
Bi2O3 nanocones develops after the Bi liquid reagent becomes super-
saturated and continues while this metal catalyst remains in the liquid
Fig. 1. Suggested photocatalytic mechanism for a Bi2O3/TiO2 heterostructured
material.
Fig. 2. VLS-induced growth model of dendritic Bi/Bi2O3 films by magnetron sputtering (Adapted [21]).
Table 1
Process parameters for the deposition of Bi/Bi2O3 films.
Base pressure in chamber 10−4 Pa
Deposition temperature RT, 175 °C
Bi seed layer deposition rate 180 nm/min.
Bi2O3 layer deposition rate 340 nm/min.
Cathode DC current density 5.0mA/cm2
Substrate bias voltage - 40 V
Target-substrate distance 6 cm
Argon partial pressure 0.50 Pa
Oxygen partial pressure 0.05–0.11 Pa
Table 2
Process parameters for the deposition of TiO2 thin films.
Base pressure in chamber 10−4 Pa
Deposition temperature 175 °C
TiO2 layer deposition rate 6 nm/min.
Cathode DC current density 12.5 mA/cm2
Substrate bias voltage - 40 V
Target-substrate distance 6 cm
Argon partial pressure 0.50 Pa
Oxygen partial pressure 0.03 Pa
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state and there is availability of oxygen. During growth, the Bi catalyst
droplet drives the growth direction of the nanocones and defines its
diameter [18,20,21].
The depositions were performed on silicon and glass substrates,
with and without (RT) intentional substrate heating, by reactive mag-
netron sputtering using a custom made high-vacuum chamber with a
base pressure of ~10−4 Pa. Two metal targets were used as cathodes, Bi
and Ti of high purity (99.95%) and (99.8%), respectively, having di-
mensions of 100mm (diameter) × 6mm (thickness). The substrates
were all cleaned with isopropyl in an ultrasonic bath for ~15min be-
fore loading into the deposition chamber. Prior to deposition, a plasma
etching at a pressure of 2 Pa was performed during 3min in order to
eliminate adventitious impurities accumulated on the surface of the
substrates and targets. The initial depositions were carried out with the
purpose of evaluating the effect of deposition pressure, substrate tem-
perature, deposition time, reactive and working gas partial pressures on
the formation of heterostructured films. The process parameters for the
Bi2O3 layer are listed in Table 1. The deposition process parameters for
the initial Bi seed layer were kept constant before introducing the re-
actant oxygen gas in the chamber for the subsequent Bi2O3 layer for-
mation by VLS. The photocatalytic TiO2 layer was deposited in a dif-
ferent run, for varying thickness between 6 and 30 nm, with the same
process parameters, as identified in Table 2. No subsequent thermal
annealing was performed on the as-deposited films.
2.2. Materials characterization
The crystalline structure of the film layers was characterized using
X-ray diffraction analysis (XRD, Bruker D8 Discover diffractometer) by
means of CuKα radiation, while the morphological properties were
studied using a scanning electron microscope (SEM, NanoSEM-FEI Nova
200). The optical transmittance and reflectance was measured with a
Shimadzu UV-2501PC spectrophotometer. To assess the nanostructured
layers surface roughness an atomic force microscope (AFM, Digital
Instruments Nanoscope III) was used. In order to evaluate the photo-
catalytic activity of the different heterostructured film samples, the
photocatalytic oxidation of methylene blue (MB) in the presence of the
under UV-A irradiation was studied. The experiments were carried out
by immersing the sample in aqueous methylene blue solution (10−5 M)
in a quartz cell (40×40×10mm3), under UV-A radiation centred at
365 nm with a high power LED source (Thorlabs, 700mA), with an
average irradiance of 2mW/cm2. The rate of photo-degradation of MB
is related to the variation in intensity of the absorption peak of this
chromophore at 665 nm, which was analysed using a spectro-
photometer (ScanSpec UV–Vis, ScanSci) in the range of 300–900 nm,
with an auxiliary Hamamatsu Model L10761 light source.
3. Results and discussion
Fig. 3 shows the surface and cross-sectional morphologies of Bi2O3
layers grown by VLS from a starting Bi seed layer. The initial Bi seed
layer was magnetron sputtered in an argon atmosphere with a deposi-
tion rate of 180 nm/min during 2min. After this period, oxygen was
inlet with varying partial pressure in the range of 0.05–0.11 Pa, re-
sulting in a maximum deposition rate of 340 nm/min for the Bi2O3
layer, while maintaining all other deposition process parameters con-
stant (Table 1). It can be observed from Fig. 3b) that when the substrate
holder is heated the nanocone formation is more dendritic, resembling
pine tree-like nanostructures, whereas for the deposition at RT (Fig. 3a)
only random Bi/Bi2O3 islands are discerned. In Fig. 3c) and d) it is
possible to observe SEM micrographs of the cross-section of the films
displayed in Fig. 3a) and b), respectively, further evidencing the de-
velopment of 3D islands at RT in contrast with the dendritic structures
that grow at 175 °C.
Fig. 3. SEM micrographs taken from the surface of Bi/Bi2O3 layers deposited with an oxygen (reactant) partial pressure of 0.11 Pa at: a) room temperature (RT) and
b) 175 °C. In c) and d): respective cross-sections.
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In Fig. 4a)-c) it is possible to observe SEM micrographs of the sur-
face morphologies of Bi/Bi2O3 layers deposited at 175 °C with an
varying oxygen partial pressure in the range of 0.05–0.11 Pa. As the
oxygen reactive gas is introduced the Bi metal droplet consumes this gas
and develops the nanocone structure. In Fig. 4a) and b) the Bi droplet
sits on top of the cones. As the cone grows the metal droplet is reduced,
as seen Fig. 4c). The differences between Fig. 3b) and 4c), both ex-
hibiting the pine tree-like nano structures, resides solely in the working
gas flow which increased from 40 to 50 sccm, albeit with the same total
pressure (0.51 Pa); the pressure was controlled by adjusting the throttle
valve between the deposition chamber and the high vacuum turbo
pump. In Fig. 4d) the total pressure was increased to 0.90 Pa, via the
aforementioned throttle valve adjustment, and it can be perceived that
the dendritic structures are suppressed. This microstructural change is
ascribed to a decrease in mean free path of the sputtered atoms and
hence lower energy when reaching the film growing front, which is
rendered insufficient for the dendritic growth of the Bi/Bi2O3 layers.
From these optimized conditions of Bi/Bi2O3 films, TiO2 overlayers
with thickness between 6 and 30 nm were deposited in order to study
the photocatalytic behaviour of these nanostructured templates. The
deposition process conditions for the TiO2 cap layer are presented in
Table 2. In can be seen from Fig. 5 that an 18 nm capping layer of TiO2
just covers the nanocone structures, still preserving in these structures a
high surface area.
Fig. 6 shows the X-ray diffraction patterns for Bi/Bi2O3 and Bi/
Bi2O3/TiO2 films. TiO2 diffraction peaks are not detectable due to the
small thickness of the layers, which varies roughly from 6 to 30 nm.
From previous experiments with TiO2 film deposition it was found that
a subsequent thermal treatment is required to enhance the film mi-
crostructure from amorphous to the development of anatase and rutile
crystalline phases [17,22]; this was not performed in these hetero-
structured films in order to avoid recrystallization of the underlying
Bi2O3, which impacts on the destruction of the nanocone formation. In
all films, Bi (rhombohedral; ICDD card no. 01–085–1331) and β-Bi2O3
(tetragonal; ICDD card no. 01–078–1793) phases are detected. Bi me-
tallic phase appears due to the underlying seed layer. According to the
literature, β-Bi2O3 is a high temperature metastable phase [23,24] and
in the present films has a preferential growth of (201) crystallographic
planes parallel to the surface, for 2θ=27.95°. The crystallite size is of
the order of 50 ± 9 nm for all films and was derived from Rietveld
refinement of the diffraction patterns for the preferred orientation of
each phase, corresponding to the diffraction planes: Bi (012) at 27.27°;
β-Bi2O3 (201) at 27.95°. An unassigned peak is marked with (*) for the
Bi/Bi2O3 film at a diffraction angle of 30.30°, which cannot be indexed
to the known Bi and Bi2O3 phases. Several authors have reported on the
difficulty in indexing XRD patterns involving Bi2O3 phases, since for
Fig. 4. SEM micrographs taken from the surface of Bi/Bi2O3 layers deposited at 175 °C with varying oxygen partial pressure: a) 0.05 Pa; b) 0.07 Pa; c) 0.11 Pa. From
c) to d) only the total pressure is varied from 0.51 Pa to 0.90 Pa.
Fig. 5. SEM micrograph taken from the surface of a Bi/Bi2O3/TiO2 film.
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lower diffraction angles there is a strong chance of superposition of
diffraction lines from α-, β- and δ- Bi2O3 phases [11,25,26]. In order
overcome this limitation, Popa et al. studied highly-oriented δ-Bi2O3
films stable at RT, deposited by reactive magnetron sputtering, by
combining standard XRD with pole figure analysis [25]. From this, the
authors unambiguously confirmed the presence of the δ-Bi2O3, albeit
for a narrow window of deposition process parameters. It should be
noted that the latter phase has a fluorite type cubic structure with a
high disorder of oxygen vacancies, being more prone to grow in oxygen
deficient reactive sputtering [24,25], which is not the present case.
Other authors have studied Bi and Bi2O3 phases in their materials by
Raman spectroscopy where characteristic phonon vibrations can be
readily distinguished [26,27]. In the present work, due to the con-
tamination of the samples during the photocatalytic assays in the UV-A
reactor, these were rendered unusable for further structural
characterization.
The roughness of the samples was determined from atomic force
microscopy analysis, where the mean roughness value, Ra, and root
mean square roughness, Rq, was measured for the Bi seed layer and Bi/
Bi2O3 bilayer template. The AFM micrographs are displayed in Fig. 7
and the roughness results in Table 3. The Ra value is 45 ± 2 nm and
52 nm ± 2 nm for the Bi seed layer and Bi/Bi2O3 bilayer template,
respectively, however the Rq value, which measures larger displace-
ments form the median surface profile, increases from 55 ± 2 nm to
65 ± 3 nm, respectively. This induced roughness from the dentric
growth of the Bi2O3 layer is important for enhancing the projected
surface area of the film. As with the roughness values, the projected
Fig. 6. XRD diffraction patterns taken for Bi/Bi2O3 films with varying thickness
of TiO2 layers. A pattern is also represented for a Bi/Bi2O3 film.
Fig. 7. AFM micrographs of the surface topography of a) Bi and b) Bi/Bi2O3 films.
Table 3
Roughness and projected surface area values for the deposited layers.
Layer Roughness (nm) Projected surface area (µm2)
Ra Rq
Bi 45 ± 2 55 ± 2 9.0 ± 0.1
Bi/Bi2O3 52 ± 2 65 ± 3 11.7 ± 0.2
Fig. 8. Degradation kinetics of methylene blue (MB) dye in the presence of
TiO2, Bi2O3 and Bi/Bi2O3/TiO2 films under UV-A irradiation.
Table 4
Methylene blue dye degradation kinetics.
Sample k (×10−4min−1)
Bi/Bi2O3 2.2 ± 0.2
Bi/Bi2O3/TiO2 13.2 ± 0.3
TiO2 2.1 ± 0.1
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surface area was calculated through statistical algorithms included in
the Gwyddion software [28]. The projected surface area can be un-
derstood when considering out-of-plane coordinates zi for i=1;2;3;4,
which denote height values in four neighbouring points (pixel centres),
and hx and hy pixel dimensions along corresponding in-plane axes. If an
additional point is placed in the centre of the rectangle, which corre-
sponds to the common corner of the four pixels, four triangles are
formed and the projected surface area, A, can be estimated by summing
their corresponding areas:
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The projected surface area is 9.0 ± 0.1 µm2 and 11.7 ± 0.2 µm2
for the Bi seed layer and Bi/Bi2O3 bilayer template, respectively. Hence,
through the dendritic growth of the Bi2O3 nanocones the projected
surface area is enhanced by ~30%, as expected.
In Fig. 8 the evolution of the kinetics of methylene blue dye de-
gradation can be followed in the presence of TiO2, Bi2O3 and Bi/Bi2O3/
TiO2 films under UV-A irradiation (centred at 365 nm). C0 and C are the
initial concentration and concentration at a specific time (t) of the MB
dye, which follow a first order kinetics with time: − = −C C C e( ) kt0 0 ,
where k is the first order rate constant. The values of k are given in
Table 4 for the deposited films. It can be seen that the Bi/Bi2O3/TiO2
heterostructured film degrades almost 40% of the initial concentration
of the dye after 6 h of UV-A illumination, whereas both TiO2 and Bi2O3
individual films do not degrade more than 10% of the initial con-
centration of the dye under similar conditions. Indeed, for the Bi/
Bi2O3/TiO2 heterostructured film, k increases by a factor of 6 when
compared to the individual layered films (Table 4). It should be noted
that an 18 nm thick TiO2 film has similar photocatalytic kinetics to
a> 1000 nm Bi2O3 film. Nevertheless, Bi/Bi2O3 films improve photo-
catalytic efficiency when functionalized with TiO2, as expected.
From the analysis of Tauc plots in Fig. 9 the optical band-gap (Eg) of
individual layers of TiO2 and Bi2O3 on glass substrates, with thickness
(d) of 12 nm and 588 nm, were measured to be 3.62 ± 0.01 eV and
2.88 ± 0.01 eV, respectively. For this, optical transmittance (T) and
reflectance (R) were recorded and through the calculation of the ab-
sorption coefficient, α=(1/d)·ln[(100-R)/T] [29] and by subsequently
using the relation between the absorption coefficient and photon en-
ergy, α=(A/hν)·(hν-Eg)m, where A is a parameter independent of the
photon energy, hν (h is Planck's constant; ν is photon frequency), and m
a value representing the optical transition mode (m=0.5 for the direct
band-gap; m=2 for the indirect band-gap), Eg was extrapolated from
the interception with the photon energy axis, as represented in the Tauc
plots of Fig. 9. In the latter linear fitting routine, confidence and
prediction bands (> 95%) are shown by the pink lines. The indirect Eg
value for TiO2 is much higher (3.62 eV) when compared to the bulk
value reported in the literature (3.20 eV) [30]. The reason for this can
be attributed to the fact that the TiO2 thin film layer is only 12 nm thick
and amorphous. For thicker and more crystalline TiO2 films the Eg
value would approximate the bulk value. Conversely, the Eg value for
the Bi2O3 layer is similar to what has been reported in the literature
Bi2O3 films with direct band-gap, between 2.8 and 2.9 eV [21,27,31].
Due to the coupling effect of the two semiconductors that reduce the
optical band-gap, there is an enhancement in the photocatalytic effi-
ciency, as observed in Fig. 8 and Table 4.
4. Conclusions
In this work, under optimized deposition process conditions, Bi2O3
films with a dendritic growth of nanocone-like structures were de-
posited by magnetron sputtering, through a vapour-liquid-solid me-
chanism from a starting Bi seed layer. AFM measurements provided the
assessment of the roughness and projected surface area of the Bi seed
layer and Bi/Bi2O3 template bilayer, which enhanced substantially,
~15% and ~30%, respectively, for the latter case. From measurements
of the degradation kinetics of MB dye under UV-A illumination it was
resolved that the photocatalytic efficiency increases by a factor of 6
when the Bi2O3 nanocones template are functionalized with a capping
TiO2 thin film. Hence, it can be concluded that the heterogeneous
junction of Bi2O3/TiO2 semiconductors registers enhanced photo-
catalytic efficiency. Furthermore, the formation of nanocones is crucial
for high specific surface area with potential applications for water and
air decontamination.
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